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Abstract. The cyclic growth rate of delaminations initiated from ply-drops under tensile cyclic
load was experimentally measured using a test specimen geometry, with internal ply-drops, that
allows stable crack growth. It is found that the fatigue delaminations grow at a constant rate.
1. Introduction
In many applications, the external geometrical shape of lightweight composite structures (e.g.
aerofoil shape for a wind turbine rotor blade) is specified by aerodynamic considerations.
An additional requirement is usually to minimize the weight of the structure but without
significant decrease in the structural stiffness and strength or fatigue life [1, 2]. To achieve
these requirements, the thickness of the load-carrying composite laminates is varied along the
length of the structure by terminating or dropping off plies (ply-drops) at specific locations.
Ply-drops result in material and geometrical discontinuities which induces stress concentrations.
As a result, delaminations can potentially start at these locations and propagate [3], reducing
the load carrying capability of the composite laminates/structures.
Due to the significant effect on the load carrying capability of composite structures, the
initiation and propagation of delaminations in composites with ply-drops (tapered composites)
has been been the subject of research for many years [4–10]. Despite, however, the large amount
of research on the effect of ply-drops on the structural strength, challenges still exist a) in
accurate structural predictions of e.g. the safe lifetime of composite structures with ply-drops
and b) in designing more damage tolerant tapered composites by investigating the parameters
that influence the onset and growth of the delaminations.
The present work, is an ongoing effort towards the development of a fracture mechanics
based methodology to predict the initiation and propagation of delaminations starting from
ply-drop locations. Such an approach can potentially allow the development of composites with
ply-drops that possess high damage tolerance by engineering the interface properties between
the different plies. A high damage tolerance is a prerequisite in damage tolerance design of
composite structures where damage is accepted as long it can be detected and its growth will
be stable and can be accurately predicted [11]. To identify the failure mechanisms, simplified
composite specimens with ply-drops are manufactured and tested under cyclic loading. The
present work focuses on the measurement of the delamination growth rates under cyclic loading
at different applied stress levels. The initiation of delaminations and the delamination growth
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rate change when the thickness of the specimen changes (due to the presence of ply-drops) are
not discussed.
2. Experimental Details
2.1. Materials
A nearly unidirectional glass fibre fabric (2400 tex) with area weight equal to 1134 g/m2 was
obtained from Saertex. The fibre diameter was 17 µm. The area weight of the 90o fibres was 54
g/m2 and the tex value was 68. The fibre diameter was 10 µm. The sewing threads were made
of polyester fibres (110 dtex) with an area weight equal to 12 g/m2. The stitching type was
tricot-warp. A biaxial fabric (±45o) with a total area weight equal to 720 g/m2 was provided
by Ahlstrom. The area weight of the ±45o fibres (600 tex) was 592 g/m2, of the 90o fibres (200)
19 g/m2, of chopped strand mat (< 30 tex) 592 g/m2 and of the stitch yarns (7.6 tex) 10 g/m2.
The diameter of the glass fibres in the ±45o and 90o layers was equal to 16 µm. In the chopped
strand mat, the fibres had a diameter equal to 12 µm. The stitching type was tricot-warp. The
epoxy matrix material, Araldite LY 1568, and the hardener, Aradur 3489 CH, were provided by
Huntsman.
2.2. Test specimen
Ten unidirectional fabrics/plies were placed on the vacuum infusion table as shown in Fig. 1a.
Then, four unidirectional plies, each with different length, were placed one by one on top of
the ten unidirectional plies. The distance between the ply-drops is shown in Fig. 2. It should
be mentioned that all the unidirectional plies were placed with the 90o fibres face down. A
continuous biax fabric, with a length equal to the length of the ten unidirectional plies, was
afterwards placed on top of the four unidirectional plies and the epoxy resin was infused (see
Fig. 1b). The curing cycle, after vacuum infusion, was 19 hrs at 40oC followed by 5 hrs at 75oC.
After curing, the thickness of each unidirectional (UD) layer was approximately 0.9 mm and the
thickness of the biax layer was approximately 0.6 mm.
Figure 1. Ply layup to manufacture the composite specimens with ply-drops by vacuum
infusion.
The ply-drop specimens were cut-out from the vacuum infused plate (Fig. 1b). The specimen
has had a total length equal to 630 mm and a width equal to 30 mm (see Fig. 2). The distance
between ply-drops 1 and 2 was approximately 10 mm, the distance between ply-drops 2 and
3 was equal to 290 mm and between ply-drops 3 and 4 equal to 50 mm. Glass fibre epoxy
composite tabs (height equal to 4 mm) were glued on the right-end of the ply-drop specimens.
The dimensions of the ply-drop specimens e.g. length, height, distance between ply-drop 1 and
tab were designed to minimise bending of the specimens during testing. The bending ratio in
the thin section of the ply-drop specimens (at x1 =60 mm, see Fig. 2) was less than 0.03 under
static tensile load. The bending ratio was calculated from the strains measured by two strain
gauges on opposite faces of the ply-drop specimens.
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Figure 2. Specimen dimensions and position of the ply-drops. The biax layer that is on top is
not shown (all dimensions in mm).
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Figure 3. Schematic illustration of the material and geometric discontinuity at the ply-drop
location (all dimensions in mm).
As mentioned above, a continuous biax layer was placed on top of the four unidirectional
plies. Fig. 3 shows schematically the geometry at the location of ply-drop 1. As can be seen
at the ply-drop location there exist both a material and a geometric discontinuity. It should
be noted, that no effort was made to control the geometry of the ply-drop e.g. length of the
resin pocket, and steepness of the biax layer. The shape of the geometric discontinuities was
dictated by the vacuum infusion process with the variation from specimen to specimen not being
significant based on SEM observations.
2.3. Cyclic loading
Two ply-drop specimens were first tested under monotonic static tensile loading in order to
measure the stiffness of the specimens, measure the bending ratio and find the stress level at
which a delamination initiates at the location of the ply-drop 1. The tests were conducted on an
Instron servo-hydraulic testing machine with a 250 KN load cell at displacement rate of 0.0166
mm/min. The load, the position of the cross-head and the strain-gauge signals were acquired
at a sampling rate of 10 Hz.
The cyclic tests were performed between fixed stress values (lower than the stress level at
which delamination initiates under static loading) at a frequency of 3 Hz. The R-ratio was equal
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to 0.1. The cyclic tests were performed on the same machine as the static tests. The position
of the cross-head and maximum and minimum loads for each cycle were recorded. Photographs
of the specimen were obtained at a predefined number of cycles in order to measure the fatigue
delamination crack length. By default 1 photograph per cycle was acquired for the first 100
cycles, 1 photograph for every 10 cycles in the range 100 to 1000 cycles, 1 photograph for
every 100 cycles in the range 1000 to 10000 cycles etc. However, it was possible to change the
acquisition rate during the experiments if necessary. It was find that it was easier to identify the
delamination front by taking photographs at the x1−x2 plane (see Fig. 2) instead at the x1−x3
plane. Prior to each cyclic test, a photograph with a scale bar on the surface of the specimen
(x1 − x2 plane) was taken. The photographs from the cyclic tests were then calibrated using
the ImageJ software [12] and the delamination lengths were measured. Several crack growth
measurements at different maximum applied load could be obtained from a single specimen
when the delamination was in the region between ply-drops 2 and 3 (see Fig. 2).
3. Results and Discussion
Fig. 4 shows a series of photographs taken from a ply-drop specimen tested under tensile cyclic
loading.
Figure 4. Measurement of fatigue delamination crack growth: a) 2 cycles, b) 30000 cycles,
c) 51000 cycles, d) 70000 cycles. e) Specimen mounted on the hydraulic testing machine. The
maximum applied stress, σmax, is 142.9 MPa, R=0.1 and frequency, v, is 3 Hz.
As mentioned above, the current work focuses on the measurement on the fatigue
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delamination growth rates when the delamination is between ply-drops 2 and 3 (see Fig. 2). The
maximum applied stress, σmax, is 0.75 of the stress, σu, where the delamination initiates between
the first ply-drop layer and the 0o plies (beam, see Fig. 3) under static tensile loading. σu is in
the range of 205 to 250 MPa. As Fig. 4a shows, the delamination has already grown (under cyclic
loading) to the constant thickness region between ply-drops 2 and 3 and delamination growth
rate is measured from this point. Fig. 4b-d shows the delamination extension at 30000, 51000,
and 70000 cycles, respectively. It can be seen that the crack front is nearly constant across
the specimen width (x2 direction) and clearly visible allowing accurate measurement of the
delamination growth with the number of cycles. It should be mentioned that the delamination
had initiated between the first ply-drop layer and the 0o plies (beam) and had remained at this
plane when it reached the region between ply-drops 2 and 3 (Fig. 4) and it stays in this plane
Fig. 4b-d.
Figure 5. Measurement of fatigue
delamination crack growth: a) 1 cycle, b)
30000 cycles, c) 60000 cycles, d) 90000
cycles. The maximum applied stress, σmax,
is 146.4 MPa, R=0.1 and frequency, v, is 3
Hz.
Figure 6. Measurement of fatigue
delamination crack growth: a) 1 cycle, b)
50000 cycles, c) 100000 cycles, d) 140000
cycles. The maximum applied stress, σmax,
is 136.7 MPa, R=0.1 and frequency, v, is 3
Hz.
Fig. 5 shows a series of photographs, at different number of cycles, from a another specimen.
As in Fig. 4, the delamination has already grown in the region between ply-drops 2 and 3.
The maximum applied stress is equal to 0.77 σu. As mentioned above, several measurements of
the delamination fatigue growth rates could be made in the region between ply-drops 2 and 3
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Figure 7. Measured cyclic delamination (crack) growth as a function of the number of cycles
for two different maximum applied stress levels.
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Figure 8. Cyclic delamination (crack) growth rate as function of the maximum stress level,
σmax, normalised with the Young’s modulus of the unidirectional plies, EUD.
since this region is relatively long. After 90000 cycles (Fig. 5d), the test was interrupted, the
maximum applied stress was set equal to 0.71 σu and thereby a new cyclic test was started. A
series of photographs are shown in Fig. 6 at 1 cycle, 50000 cycles, 100000 cycles and 140000
cycles, respectively. Unlike the specimen shown in Figs. 4 and 5, for this specimen the crack
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front is not perpendicular to the x1 direction. Such a behaviour was observed in few cases but
usually the crack front after a number of cycles became again perpendicular to x1.
From measurements such as shown in Figs. 4, 5 and 6, the fatigue crack growth rate can be
derived. Two examples are shown in Fig. 7 for σmax equal to 0.66 and 0.56 of σu, respectively.
It can be seen that the delamination (crack) growth rate is constant and as expected it increases
with increasing the maximum applied stress. It should be noted that delamination growth rate
is constant for large number of cycles (larger than 800000 cycles) showing that the ply-drop
specimen developed is a steady-state specimen allowing accurate measurement of the cyclic
delamination growth rate.
The cyclic delamination growth rate can be calculated from a linear fit of the experimental
data shown in Fig. 7. The results are shown in Fig. 8 and follow a straight line in a log-log
plot. Upper and lower bounds estimates are drawn.
As mentioned in Section 2, during manufacturing the unidirectional plies were placed with
the 90o fibres on the bottom face. This probably creates a weak interface by preventing fibre
bridging between the plies. Examination of the crack surfaces after the fatigue tests showed that
there were no fibres bridging the crack faces and thus the cyclic crack growth can be treated using
Linear Elastic Fracture Mechanics (LEFM) and Paris Law to predict the cyclic delamination
growth rate.
4. Conclusions
A test specimen with multiple ply-drops was designed to allow stable cyclic delamination crack
growth. The specimen was used to measure the tension-tension delamination fatigue crack
growth rate initiated from a ply-drop. It was shown that delamination growth rate is constant
when the delamination grows in a region of constant thickness and can be described by Paris
Law.
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